Observations of the length of day, corrected for the effects of variations in the angular momentum due to changes in wind velocity and atmospheric pressure, ocean-tide heights and currents, and solid-Earth zonal tides, were analysed. The (1992) IERS Standards model for the effects of zonal tides on the Earth's rotation, which includes ocean-tidal effects, adequately accounts for the observations of the high-frequency (periods between one and 30 days) variations in the length of day at the present level of accuracy. A currently unexplained semi-annual variation in the length of day remains, but this may be due to the unmodelled effects of stratospheric winds. The power spectrum of the remaining variations with periods less than 20 days is essentially that of a white-noise process. The amplitudes of the remaining unexplained variations in length of day are less than 30 microseconds.
INTRODUCTION
High-frequency (periods between one and 30 days) variations in the length of day (LOD) are driven by tidal and atmospheric effects, and models dealing with the effects of zonal-solid-Earth tides have been constructed previously (Woolard 1959; Merriam 1980 : Yoder, Williams & Park 1981 Wahr, Sasao & Smith 1981; Wahr & Bergen 1986; Dehant 1Y87) . The International Earth Rotation Service (IERS) Standards (McCarthy 1992) lists two sets of corrections for the effects of tides on the rotation of the Earth. One set is used to define the astronomical time scale, UTlR, A R , and w R previously designated by the IERS to be free of the effects of high-frequency zonal Earth tides. Another set incorporates the effect of recently developed ocean-tide models for periods greater than nine days as given by Dickman (1993) . This second set is provided as a basis for scientific research and defines the time scale, UTlS, AS, and wS.
The work of Yoder el al. (1981) serves as the basis for the IERS Standards (McCarthy 1989 (McCarthy , 1992 used in the treatment of astronomical observations of Earth orientation. The models require an assumed value of a transfer function relating variations in tidal potential to the length of day. Nam & Dickman (1990) refer to this as the zonal-response function ~( f ; ) where f; represents the frequency of the ith tidal constituent. The effects of the ocean tides are accounted for in Yoder et al. (1981) by treating them as equilibrium tides. Brosche et a/. (1989) . Dickman (1993) , and Wunsch & BuRhoff (1992) have estimated the effects of some specific ocean tides on the Earth's rotation using dynamic tide models. Following work done earlier in Baader, Brosche & Hovel (1983) , Brosche et al. (1989) used hydrodynamical models for the M,, S,, N2, K , , 0,, P , , M,, M f , , M,,,, and tides to determine the variation of angular momentum due to changes in the ocean heights and currents. These calculations show that the effects on L O D can be on the order of 0.1 ms.
Using the tide models of Dickman (1989 Dickman ( , 1990 Dickman ( , 1991 , Dickman (1993) Observations of the length of the day have been studied previously in order to investigate the adequacy of tidal models (Pil'nik 1970; Guinot 1970 Guinot , 1974 Djurovic 1976; Hefty 1982; Capitaine & Guinot 1985; Merriam 1985; Luo ef al. 1987; Newhall, Williams & Dickey 1988; Robertson, Carter & Fallon 1988; Schuh 1988; PejoviC & Vondrak 1989; Hefty & Capitaine 1990; Nam & Dickman 1990 : Brosche et a/. 1991). All of these efforts have shown that the effects of zonal tides are evident in the observations and that there appear to be some small anomalies in the observations which cannot be explained fully by current solid-Earth tide models. These apparent anomalies may be due to additional atmospheric and/or oceanic phenomena affecting the Earth's rotation as well as t o some inadequacies in the zonal tide model.
Technical improvements in the precision of the observations of the Earth's orientation have provided a much-improved set of data with which to investigate such anomalies. In addition, atmospheric angular momentum (AAM) data are now available and may be used in such an analysis in order to determine the possible effect of the atmosphere at tidal frequencies.
ASTRONOMICAL O B S E R V A T I O N S
The astronomical observations of the rotation angle UTI-UTC, derived with the procedure described by McCarthy & Luzum (1991), were used to produce astronomical estimates of the length of the day. The combined series of observations was composed of very long baseline interferometry (VLBI), satellite laser ranging (SLR), and lunar laser ranging (LLR) data. Length of day was calculated by differencing the daily values of UTl-UTC to find the length of the day in excess of 86 400 s of atomic time. T h e data used for this analysis were obtained from MJD 45700 (1984 January 1) through M J D 48621 (1991 December 31). The first MJD was chosen since it appeared that the most accurate astronomical data were available following MJD 45700.
A T M O S P H E R I C A N G U L A R MOMENTUM D A T A
Atmospheric angular momentum has been shown to he correlated with the observations of the variations in the length of the day (Rosen & Salstein 1983) . Twice-daily values of the total atmospheric angular momentum, including the effects of winds and pressure, were obtained for the same periods of time as the astronomical data from the National Meteorological Center (NMC) through the National Oceanic and Atmospheric Administration (NOAA) Laboratory for Geosciences. These data are in the form of the three components of the atmospheric angular momenta (x,, x2, x3) (Barnes rt al. 1983) . x3 is an estimate of the total atmospheric angular momentum component parallel t o the direction of the Earth's rotation axis. These values are evaluated from the surface up to 50mbars of pressure and therefore part of the stratosphere is not included in the data. From the x3 values obtained from NMC, estimates of the effect on the length of the day due to the variations on the total atmospheric angular momentum were calculated using the procedure in Barnes et al. (1983) . Details of the procedure used to calculate these values are given in the report of the IERS Sub-bureau for Atmospheric Angular Momentum in the IERS Annual Report for 1989. An inverted barometer oceanic response was assumed in these calculations and the pressure terms were increased by 8 per cent to allow for core decoupling (Nam & Dickman 1990 ). This resulted in a time series of LOD variations expected only from variations in the atmospheric angular momentum.
I N D I V I D U A L L Y M O D E L L E D O C E A N I C T I D A L EFFECTS
Following the earlier work in Baader et al. (1983) (1992) have determined expressions for the effects of certain ocean tidal currents and tidal heights on the Earth's rotation. By taking the derivative of the analytical expression which they give for UT1, an expression for LOD was derived for the fortnightly, the monthly, and the semi-annual tidal terms. This expression could then be used to remove the dynamic oceanic tidal effects from the astronomical L O D series at these particular frequencies. Similarly Dickman (1993) provides estimates of the effects on the length of day of the same tides along with some additional tides which can be compared with observations. This provides the numerical values contained in the IERS Standards (McCarthy 1992) definition of UTIS, AS and wS. Both the Dickman (1993) and Wiinsch & BuRhoff (1992) models were investigated in this analysis.
S P E C T R A L A N A L Y S I S O F T H E L O D SERIES
Pertinent coefficients of the tidal variations given in the IERS Standards (McCarthy 1992) were used to remove the effect of the oceans. These values were determined by first multiplying the values of the IERS Standards defining UTlR, AR and w R by the ratio of the Love numbers as given by Brosche ef al. (1989) to obtain Qe effects due to the zonal solid Earth tides (see Table 1 ). The effects of the solid-Earth zonal tides as represented by the modified coefficients were then removed from the astronomical LOD data. The oceanic tidal variations determined from Wiinsch & Buljhoff (1992) ( Table 2) as well as Dickman (1993) (Table 3) were also removed leaving two time series theoretically free from all predicted tidal effects. Use of the Table 3 values along with Table 1 and the remaining coefficients defining UTlR, AR and wR is equivalent to the use of UTlS, AS and wS (McCarthy 1992) .
Next, the L O D series (both astronomical L O D and the A A M series) were filtered using a Gaussian high-pass filter configured to remove effects with periods greater than 365 days. This was done in order to minimize any errors due to low-frequency systematic errors in the AAM data. The effects of the filtered atmospheric angular momentum were then subtracted from the filtered, astronomical LOD data corrected for tidal effects, leaving two data sets presumably free from the variations in the length of the day caused by both tides and atmosphere.
No significant differences were found in the appearance of the spectra of the L O D series corrected with either the coefficients of Tables 2 or 3 . Thus, n o significant difference in the fit of either the Dickman (1993) or Wiinsch & BuShoff (1992) models was found. Both appear to fit the data equally well, the only difference being that the Dickman model treats more tides. Figs 1, 2 and 3 show the amplitude spectra of the L O D series, uncorrected as well as corrected for the atmospheric and oceanic contributions (using the UTlS coefficients of Table 3 ). The ranges of the horizontal axes for the first two graphs were chosen to highlight the principal high-frequency tidal terms with fortnightly and monthly periods.
The plots show several interesting features. First, removing the effects of A A M from the L O D shows little effect in the amplitude spectrum at very high frequencies. In particular, there is virtually no difference between spectra Table 3 . Effect of ional tides due to oceans only from Dickman (1993) . A is length of day and w rotational speed. The units are given in Table I . with AAM removed or retained for periods less than 10 days except for a slightly higher noise level in the 'corrected' time series. Fig. 4 , which displays both spectra together, makes this clearer. There are at least two possible causes for this. The smoothing of the AAM data by the NMC might be such that it eliminates traces of AAM signal with periods less than I 0 days. or systematic errors in the data may be contributing to thc lack of correlation. Aliasing o f the semi-diurnal or diurnal ocean tides into lower-frequency spectral peaks is possible, but this possibility could be eliminated if an ocean-tide model were used in the reduction of the astronomical observations used in the formation of the LOD time series.
The spectra also show that some of the peaks in the observational LOD series corrected using the IERS Standards zonal-tides model are due to the AAM data. In particular, the peaks at 14.77 and 27.56 days virtually disappear into the noise when the effects of the A A M are removed. It is also interesting to see that there is no evidence for a significant 13.69-day variation as reported in Capitaine & Guinot (1985) from their analysis of U T l data.
The anomalously large corrections indicated for the period of 182 days could have several explanations. The most probable of these is the exclusion of the stratospheric winds in the A A M data. As reported by Rosen & Salstein (1985) . and Rosen, Salstein & Wood (19901, the stratospheric winds account for much of the discrepancy between the astronomical LOD series and the AAM LOD series. Other possible explanations are changes in global sea level, redistribution of ground water (Rosen & Salstein 1985; Rosen et ul. 1990) , and wind-driy-en ocean currents (Christou 1990 ). The heavily smoothed amplitude spectrum of the variations in the length of day that remain after removal of the effects of AAM and ocean tides, as well as an empirical 180-day variation, is seen in Fig. 5 . The overall spectral index, a, characterizing the behaviour of the spectral power, S, with frequency, f, by S a f e , is found to be -0.52 for periods less than 400 days long. The spectrum would also indicate that the remaining variations in the length of day can be considered essentially as a white-noise process ( a = 0) for periods less than 20 days and a flicker-noise process ( a = -1) for lower frequencies. The spectrum shows that variations with periods less than 180 days and greater than 3 days in LOD having amplitudes greater than 0.02 milliseconds appear to be accounted for by current models and theories. 
Z O N A L R E S P O N S E F U N C T I O N
To investigate the theoretical tidal amplitudes and phases, solutions were made for corrections to the zonal response function ~( f ; ) for each tidal frequency. The observed astronomical L O D series was corrected for AAM, and solid Earth and ocean tides using the values of Dickman (1993) as shown in Table 3 and which define the U T l S and LODS systems. A separate solution was made for the nine-day tides using a time series uncorrected for AAM since, as seen above, AAM appears to have little connection to the observed L O D series at this frequency. A simple simultaneous least-squares analysis of the amplitudes and phases is inadequate because of high correlations between the solutions of closely spaced tides. Corrections to ~( f ; ) were held constant for the frequency bands shown in Table   4 . Using this procedure, a simultaneous non-linear least-squares solution was performed for the 10 largest tides. These results are summarized in Table 4 . Fig. 6 shows the plot of the amplitudes of the observationally determined zonal-response function and Fig. 7 shows the plot of the phases. The tables and plots d o not show the semi-annual correction since it is clear that the effect seen in the spectrum is too large t o be due to a remaining solid Earth or ocean tide. It is more likely to be due to the atmosphere and, therefore, it has been deleted. Also plotted are the results expected from the theory of Nam & Dickman (1990) . Figures 6 and 7 indicate that the observationally determined amplitude of ~( f ; ) may be less than that expected from the theory of Nam & Dickman (1990) and that there may be a larger than expected phase dependence on frequency. However, the errors indicated by the error bars in the figures make definitive statements about the nature of these differences difficult to make.
C O N C L U S I O N
The IERS Standards (McCarthy 1992) corrections applied to obtain U T l S and LODS, adequately model the variation in L O D to the level of accuracy of the observations. The apparent effect of A A M on the astronomically determined L O D is found to be much less at the highest frequencies than at lower frequencies. For periods shorter than 10 days there appears to be essentially no correlation between AAM and LOD. With future improvements in the accuracy of the Earth-orientation series and in the AAM series, this conclusion might change. The apparent lack of correlation at high frequencies is particularly interesting in view o f attempts to use A A M in the prediction of UTI-UTC. If the high-frequency effects of AAM on UT1 are negligible, its contributions to the prediction of UT1 is questionable. The spectral peak at 182 days suggests a large correction in both amplitude and phase, but this may be explained by the current exclusion of the upper stratosphere in the atmospheric data. The high-frequency variations in LOD with amplitudes greater than 0.02 milliseconds now seem to be accounted for by current models and theories. Lower frequency variations with much larger amplitudes still pose a challenging problem.
An observational estimation of the zonal-response function K ( J ) has been determined and compared with theoretical values o f Nam & Dickman (1990) . This indicates that improvements may be required in the K ( J ) derived in their work.
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